Magnesium silicate hydrate (M-S-H) gel is formed by the reaction of brucite with amorphous silica during sulphate attack in concrete and M-S-H is therefore regarded as having limited cementing properties. The aim of this work was to form M-S-H pastes, characterise the hydration reactions and assess the resulting properties. It is shown that M-S-H pastes can be prepared by reacting magnesium oxide (MgO) and silica fume (SF) at low water to solid ratio using sodium hexametaphosphate (NaHMP) as a dispersant. Characterisation of the hydration reactions by x-ray diffraction and thermogravimetric analysis shows that brucite and M-S-H gel are formed and that for samples containing 60 wt.% SF and 40 wt.% MgO all of the brucites react with SF to form M-S-H gel. These M-S-H cement pastes were found to have compressive strengths in excess of 70 MPa.
Introduction
It is well known that magnesium-silicate-hydrate (M-S-H) gels form as a result of sulphate attack of concrete in the presence of magnesium ions [1] . M-S-H is present during the later stages of sulphate attack and hence M-S-H gels are generally believed to be of limited strength [2, 3] . As a result, M-S-H gel has received little attention as a potential cementing phase. Brew and Glasser [4, 5] characterised chemically synthesised M-S-H gels and investigated the incorporation of caesium and potassium. Vandeperre et al. [6, 7] recognised the possibility that brucite (Mg(OH) 2 ), which forms as the hydration product in reactive MgO cements, could react with the amorphous silica present in pulverised fuel ash (PFA) to form M-S-H, but were unable to confirm its presence. It is possible that identification of M-S-H gel by x-ray diffraction (XRD) was hampered by the large amorphous background and multiple crystalline phases present in PFA, which made it difficult to discern changes present in the amorphous phases. The pH of M-S-H based cement systems was studied in detail by Zhang et al. [8, 9] during a work on the encapsulation of nuclear wastes containing trace metal contaminants.
The aim of this work was to establish if brucite and amorphous silica can react to give M-S-H gel, and to clearly determine whether this has potential as a cementing phase. It is known from a work on reactive MgO cements that the water demand of fine, light burned, MgO powders tends to be high, and that coarser MgO powders produced by calcining at higher temperatures which have lower water demand, cause damage due to expansion during late hydration [6] . The same problem of high water demand was encountered in early trials during this work, resulting in long setting times and low compressive strengths (b2 MPa) [10] . Therefore the first point that needed to be addressed was the rheology of the MgO/SF pastes. It has been reported that inorganic phosphate salts, sodium hexametaphosphate (NaHMP) and potassium hexametaphosphate (KHMP) improve the fluidity of MgO-micro-silica systems [11] . Therefore in this work the effect of NaHMP addition on the MgO/SF system has been investigated.
The structure of NaHMP, (NaPO 3 ) 6 , is shown in Fig. 1 . It is used in the manufacture of soap, metal finishing, water treatment, detergents and metal plating [12, 13] . NaHMP is also widely used as a deflocculant for clays. The deflocculant effect occurs by increasing the negative charge on clay micelles. It is also adsorbed as an anion to give complexes with the flocculant cations and substitutes the cations in the double layer of the clay with Na + ions [14] . Studies have also shown that NaHMP can significantly reduce the adverse effect of serpentine on the flotation of pyrite to allow serpentine to disperse in alkaline conditions and this improves the adsorption of xanthate on pyrite [15] . Therefore, initial experiments determined the optimum addition level of NaHMP and in the remainder of the paper the effect of water to solid ratio on phase formation and strength development is reported. 
Experimental methods
The materials and chemicals used to prepare the cement mixtures were commercially available magnesium oxide (MgO, MagChem 30, M.A.F. Magnesite B.V., The Netherlands), silica fume (SF; Elkem Materials Ltd, UK) and sodium hexametaphosphate (NaHMP, Fisher, UK). The characteristics of the raw materials as reported by the suppliers are summarised in Table 1. The particle size distribution of the raw materials was analysed by laser diffraction in a water medium (Beckman Coulter LS-100) over the size range 0.4-900 μm. To improve dispersion of single particles, samples were sonicated before the measurement. Despite this precaution, the size is large relative to the specific surface area, suggesting the powder is agglomerated.
Previous work on characterisation of laboratory synthesised M-S-H gels has shown that such gels can form with a magnesium to silicon ratio in the range 0.67 to 1 [4, 5] . Therefore, it was decided to investigate a blend of 60 wt.% silica fume and 40 wt.% MgO, i.e. with an atomic Mg/Si ratio of 1. An advantage of working near this limit is that the lack of complete reaction should result in the presence of brucite, a crystalline phase which is easily detected using XRD relative to unreacted silica fume.
To optimize the concentration of the NaHMP, trials were conducted in which the amount of additive was varied between 0.4 and 1.1 wt.% relative to the solids content. A series of experiments were therefore completed to determine the optimum addition of Na-HMP to 40% MgO/60% SF samples. Before preparing each sample, a certain amount of Na-HMP (0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3 and 0.35 g) was dissolved in 10 g of water and 40% MgO and 60% SF by weight were mixed as powder. During mixing of each sample, 40% MgO/60% SF powder was added into the solution in steps of 0.5 g and thoroughly hand mixed. The addition of powder was continued until the mixture was no-longer a paste. The total amount of powder addition into each sample was recorded and the w/s ratio and Na-HMP content calculated.
For further work the dispersant addition was set at the lowest level that reduced the water content as much as possible. Hence, a range of pastes with water/solid ratios ranging from 0.4 to 0.8 was prepared using 1 wt.% NaHMP. Samples were cast in steel moulds to give 25 mm × 25 mm × 25 mm samples which were cured in sealed boxes with a relative humidity of N98% RH to avoid samples from drying during curing.
The evolution of the hydration was studied by XRD and by thermogravimetric analysis. XRD (PW 1700 with Cu Kα radiation, Philips, The Netherlands) was used to identify the crystalline phases present in samples. Experiments were performed in the 2θ range between 5 o and 70 o . Common x-ray diffraction data bases do not contain information on the x-ray diffraction response of M-S-H gels, which are poorly crystalline. Therefore, it was decided to produce a reference sample of M-S-H gel following the synthetic route developed by Brew and Glasser [4] in which solutions of water-glass (Na 2 SiO 3 ·5H 2 O, Fisher, UK) and magnesium nitrate (Mg(NO 3 ) 2 ·6H 2 O, Fisher, UK) were cooled to 0°C and mixed by stirring in a three-necked flask at a 1:1 Mg/Si ratio. The flask was kept immersed in an ice-water bath during the precipitation process. The Mg(NO 3 ) 2 ·6H 2 O was slowly added to the Na 2 SiO 3 ·5H 2 O solution. The precipitate formed was filtered and washed five times to remove all the sodium ions and then dried in a desiccator at 20°C for 7 days prior to XRD.
Combined TGA/DTA (Netzsch-STA) was used in this research with the sample weight fixed at~20 mg for all solid samples with a sample particle size of b 1 mm. The tests were performed under a nitrogen flow of 58 ml/min with a heating rate of 10°C/min. The weight loss was measured by the tangent method. To enable quantification of the phases present, the pure M-S-H gel produced as a reference for XRD was also analysed after drying to 200°C. The compressive strength was determined after 7, 14, 28 and 90 days on wet cube samples with edge length of 25 mm. Fig. 2 shows that with increasing addition of NaHMP, the amount of water needed to allow a paste to be obtained reduces markedly up to 1 wt.% of NaHMP. Higher additions did not result in further reductions in water. Therefore, the optimum NaHMP addition used was 1 wt.%. This allowed pastes to be produced with water to solid ratio as low as 0.4. Fig. 3 illustrates the strength development of samples with different water to solid ratios. It is clear that the compressive strength of 40% MgO/60% SF samples increases with time for all w/s ratios, which indicates hydration is ongoing throughout 90 days. It is also apparent that the compressive strength of 40% MgO/60% SF samples is significantly increased as the w/s ratio is reduced. The 28 day compressive strength of 40% MgO/60% SF samples with w/s 0.4 and w/s 0.5 is over 60 MPa, which is comparable to PC (CEM II, 42.5R) paste which has a typical compressive strength of 56 MPa at w/s 0.35. The rate of strength development is similar to that of alite (C 3 S), as a large fraction of the strength is rapidly produced [16] . The water to solid ratio has a dramatic influence on the strength and this is because excess water in cement paste increases porosity which weakens the material [7, [16] [17] [18] [19] . The high strength (N70 MPa) obtained at low water to solid ratio (0.4) indicates that M-S-H gel is a potential phase for developing strong products. XRD patterns of the raw materials MgO and SF are shown in Fig. 4(a) and (b) , and the XRD patterns of M-S-H gel prepared by the chemical method are presented in Fig. 4(c) . The broad amorphous peaks for the product were found to be consistent with the XRD pattern of magnesium-silicate-hydrate (M-S-H) gel published by Brew and Glasser [4] . XRD pattern of 40% MgO/60% SF samples with different w/s ratios (Fig. 5) shows that two broad peaks at 2θ~35°and~60°appear after 28 days for different w/s ratios. This agrees well with the XRD data for the synthetically prepared M-S-H gel in Fig. 4(c) [4, 5] . Hence these are due to the formation of M-S-H gel. Note that these poorly crystalline features become more clearly defined with time. This indicates that for all w/s ratios studied, the main hydration product of the 40% MgO/60% SF system is M-S-H gel. As presented in Fig. 5 , for 40% MgO/60% SF binder at w/s ratios 0.4 and 0.5, both MgO and brucite (Mg(OH) 2 ) peaks decrease with time. However, even after 285 days, a significant amount of unreacted MgO remains. Data for samples with w/s ratios of 0.6 and 0.8 show that only poorly crystalline hydration products remain after 90 days and 285 days respectively. In contrast for the lowest w/s ratio the MgO peaks are very clear at 28 days and the brucite peaks are weaker than for samples with higher w/s ratio. Hence hydration is facilitated by the presence of more water. The brucite peaks decrease with time and disappear after 285 days which indicates that brucite continues to react with SF to form M-S-H gel. MgO also decreases with time, although some still remains after 285 days as shown in Fig. 5(c) . MgO was the main crystalline phase in 40% MgO/60% SF samples with w/s 0.4 and w/s 0.5. This shows that brucite has reacted with SF to form M-S-H gel and because there is not enough water in the system or because hydration products form a barrier on the MgO particles, the remaining MgO cannot react to form brucite or react with SF to form M-S-H gel.
Results and discussion
To further investigate and quantify the hydration products, TGA and DTA were used to measure the weight change of 40% MgO/60% SF samples (1% NaHMP) with different w/s ratios as the temperature is increased. Samples were heated to 1000°C at a heating rate of 10°C/min. Only samples with w/s = 0.5 and w/s = 0.8 were selected for TGA because these represent high and low water content mixes. The M-S-H gel prepared by the chemical method used by Brew and Glasser was also analysed. The TG-DTA data for M-S-H gel is presented in Fig. 8 .
The TGA and DTA results of 40% MgO/60% SF with w/s = 0.5 and w/s = 0.8 after different curing times are shown in Figs. 6 and 7 respectively. Irrespective of the water content an endothermic peak occurs Fig. 5 . X-ray diffraction data for blends of 60 wt.% silica fume and 40 wt.% MgO with different water to solid ratios after (a) 28 days, (b) 90 days and (c) 285 days curing. 1 wt.% of NaHMP was added to all blends. Crystalline peaks for magnesium hydroxide (brucite, B) and magnesium oxide (Periclase, M)are indicated. Most of the broad peaks are due to MSH gel (*), but silica fume also contributes to the broad peak between 18 and 30°2θ.
between 100°C and 200°C in 40% MgO/60% SF samples at all ages. This is believed to be caused by the weight loss of pore water and water contained in M-S-H gel. An exothermic peak at around 850°C was observed in all 40% MgO/60% SF samples and its strength increases with curing time. This peak is therefore ascribed to crystallisation of the M-S-H gel into MgSiO 3, as explained below. The increase in strength of this peak indicates that hydration and M-S-H formation was ongoing during the test period. Both the exothermic and endothermic peaks were sharper in the 40% MgO/60% SF samples with higher water content (w/s = 0.8). This is consistent with the XRD results as more M-S-H gel was formed in samples with higher w/s ratio. Due to experimental variations in sample sizes and time delays before each test, which lead to weight losses due to room temperature drying, the total weight loss did not vary in a systematic way with hydration time.
The weight loss of samples at each stage and the total weight loss are summarised in Table 2 Table 2 shows that for both 40% MgO/60% SF samples with w/s 0.5 and w/s 0.8, the 500-1000°C weight loss is increasing with curing time. This matches with the exothermic peaks shown in the DTA curves around 850°C, which indicates that M-S-H gel is forming over the test period. However, there is only 0.49-0.61% weight loss between 500 and 1000°C in both samples after 2 days, which indicates the main formation of M-S-H gel is principally at later curing times (N 2 days). The weight losses of both samples are stable after 7 days in 20-200°C and 200-500°C.
The TG-DTA curve of 40% MgO/60% SF with w/s = 0.8 after 285 days curing and 24 h of drying at 105°C is compared with that of M-S-H gel in Fig. 8 . The total weight loss between 20°C and 1000°C is similar, but M-S-H gel has less weight loss between 20 and 200°C. The weight loss between 500 and 1000°C is approximately the same as the weight loss of pure M-S-H gel. XRD also shows that only M-S-H gel is present in this sample.
Based on the three stage weight loss assumptions and the 285 days TGA data, a formula of M-S-H gel formed can be calculated as Mg 8 
According to this equation, a minimum w/s ratio of 0.36 is required to react with the 40% MgO/60% SF sample to form M-S-H gel. The weight loss observed indicates that 9 of the 12 waters are lost more readily than the remaining 3. A similar difference in water bonding is known to occur in crystalline hydrated sepiolite [20] . The XRD data in Fig. 9 confirms that MgSiO 3 was the only product left when 40% MgO/60% SF (1% NaHMP) with w/s = 0.5 was heated for 2 h at 1100°C, which suggests the weight loss was caused by loss of water.
Conclusions
Addition of 1 wt.% of NaHMP reduces the water required for MgO/SF systems, which in turn improves the compressive strength dramatically (N70 MPa). This allows pastes to be produced with water to solid ratio as low as 0.4, which is similar to the standard w/s ratio for PC. Characterisation of the hydration by XRD and thermogravimetric analysis shows that hydration results in brucite and M-S-H gel formation, and that for mixtures containing 60 wt.% SF and 40 wt.% MgO over time all the brucites react with silica fume and converts into M-S-H gel, provided that sufficient water is present. Based on the 285 days TGA data of 40% MgO/60% SF sample with w/s 0.8, the formula of M-S-H gel formed can be calculated as Mg 8 Si 8 O 20 (OH) 8 •12H 2 O. This indicates the M-S-H gel formed in this research is probably a mixture of poorly crystallised sepiolite and serpentine. 
